Fanconi Anemia (FA) is a rare genetic disorder associated with a bone-marrow failure, cancer predisposition and hypersensitivity to DNA crosslinking agents. Majority of the 15 FA genes and encoded proteins characterized so far are integrated into DNA repair pathways, however, other important functions cannot be excluded. FA cells are sensitive to oxidants, and accumulation of oxidized proteins has been characterized for several FA subgroups. Clinical phenotypes of both FA and other closely related diseases suggest altered functions of mitochondria, organelles responsible for cellular energetic metabolism, and also serving as an important producer and the most susceptible target from reactive oxidative species (ROS). In this study, we have shown that elevated level of mitochondrial ROS in FA cells is in parallel with the decrease of mitochondrial membrane potential, the decrease of ATP production, impaired oxygen uptake and pathological changes in the morphology of mitochondria. This is accompanied by inactivation of enzymes that are essential for the energy production (F1F0ATPase and cytochrome C oxidase) and detoxification of ROS (superoxide dismutase, SOD1). In turn, overexpression of SOD1 could rescue oxygen consumption rate in FA-deficient cells. Importantly, the depletion of mitochondria improved survival rate of mitomycin C treated FA cells suggesting that hypersensitivity of FA cells to chemotherapeutic drugs could be in part due to the mitochondria-mediated oxidative stress. On the basis of our results, we propose that deficiency in FA genes lead to disabling mitochondrial ROS-scavenging machinery further affecting mitochondrial functions and suppressing cell respiration.
INTRODUCTION
Fanconi Anemia (FA) is a rare autosomal recessive genetic disorder associated with a bone-marrow failure, cancer predisposition and hypersensitivity to DNA crosslinking agents. Fifteen FA complementation groups have been characterized so far (A, B, C, D1/BRCA2, D2, E, F, G, I, J/BACH1/BRIP1, L, M, N/PALB2, O/RAD51C and FANCP/SLX4). [1] [2] [3] Encoded FA proteins from groups A, B, C, D1, D2, E, F, G, I and L co-operate in a common FA/BRCA pathway 1, [4] [5] [6] and protect genome integrity from interstrand crosslinks . Upon DNA damage, interstrand crosslinks recognition by FANCM and associated proteins leads to the recruitment of the FA-A,B,C,E,F,G,E (core complex), phosphorylation/monoubiquitylation of FANCD2-FANCI at the chromatin and recruitment of specific nucleases and polymerases required for the DNA repair. 7 FA cells display an increased activity of the antioxidant phospholipid-hydroperoxide-gluthatione-peroxidase. 8 Recently, an oxidative stress accompanied by increased reactive oxidative species (ROS) production, 9 interference with cellular redox state and ATP production, 10 sensitivity to oxidant stimuli, 11, 12 and accumulation of oxidized proteins 13 and oxidative DNA damage [14] [15] [16] [17] have been characterized for several FA subgroups. Interestingly, among clinical phenotypes of FA, a number of patients reveal hydrocephalia, ventriculoperitoneal shunts, the erythrophagocytosis and type II diabetes mellitus 18 -common hallmarks of diseases that contribute to impaired oxygen metabolisms, premature aging and dementias. Recently, defective mitochondrial peroxiredoxin-3 was shown for FA-G group. 19 Moreover, FA-related diseases including Ataxia-Telangiectasia, Down or Werner Syndromes display mitochondrial dysfunction. 20 Therefore, alterations in mitochondria in FA may be a clue to the susceptibility of FA cells to oxidative stimuli.
Mitochondria are associated with energetic metabolism 21 and also with the first source of ROS formation and the most susceptible ROS target. Overproduction of ROS may evade cellular antioxidant defense mechanisms, resulting in the accumulation of chronic mitochondrial damage. This damage is amplified when the endogenous antioxidant network and repair systems are overwhelmed. 22, 23 In this study, we examined the role of oxidative stress for proper functions of FA mitochondria and involvement of ROS to hypersensitivity of FA cells to DNA crosslinkers. We demonstrated that all studied FA cells had not only high ROS level and low mitochondrial transmembrane potential (Dc m ), but also revealed altered mitochondrial morphology accompanied by decreased ATP production and oxygen uptake. On a molecular level, this was in parallel with impaired response to ROS of major mitochondrial complexes and especially detoxifying enzyme superoxide dismutase SOD1. Overexpression of SOD1 rescued oxygen uptake. We also showed that sensitivity of FA cells to crosslinking agent Mitomycin C (MMC) was significantly reduced in the presence of ROS scavenger and cells depleted from functional mitochondria, and small interfering RNA (siRNA)-converted to FA-like phenotype did not present high sensitivity to MMC. On the basis of our results, we propose that FA genetic defects lead to the accumulation of mitochondrial ROS, which in turn disables proper function of mitochondria by inactivating antioxidant defense mechanisms, further damaging mitochondria and affecting cell respiration chain.
RESULTS
Dc m impairment and ROS-dependent mitochondrial fragmentation in FA cells On the basis of previous studies describing sensitivity of FA cells to ROS, we decided to test our working hypotheses on mitochondrial involvement in FA disorder. First, we tested mitochondrial potential in FANCD2 À / À fibroblasts (PD20), FA-A À / À , FA-C À / À lymphoblasts or corrected counterparts and recognized Dc m impairment in all FA cells (Figure 1a) . Importantly, FANCD2 in PD20 cells was fully functional as revealed by double bands in corresponding immunoblots (Figure 1b) . Depletion of FA-A, FA-C or FA-D2 by siRNA (Supplementary Figure 1A) in either HEK293 cells or the lung immortalized fibroblasts (Figure 1a ) evoked similar effects. These measurements were also confirmed by visual inspection of corresponding JC1-stained cells, where reduction of green signal correlating to Dc m was observed for FA or siRNA FAdepleted cells ( Supplementary Figures 2A and B) . As accumulation of ROS leads to impaired Dc m ,
24,25 we have tested total ROS level in the above cell lines. We have observed an increase ROS level in FA-deficient cells as compared with corresponding corrected counterparts ( Figure 1b) . Higher difference was observed in the siRNA FA-A, -C, or -D2-depleted cancer cells (Supplementary Figure 1B) . Moderate decrease of Nitric Oxide Synthase levels in FA-A, -C or -D2 siRNA depleted HEK293 was also detected (Supplementary Figure 3) . Interestingly, the observed increase of ROS correlated with mitochondrial fragmentation in FA cells as revealed by the difference in the number of punctuate mitochondrial structures of FA cells vs corrected counterparts (Figure 1c , upper row). As ours and others' previous studies showed that FA cells have a moderate rate of apoptosis, 10,13 the above differences cannot be explained only by the increased apoptotic index. In turn, presence of ROS may cause such fragmentation. 26 Treatment of the same cells with hydrogen peroxide (H 2 O 2 ) further increased mitochondrial fragmentation (Figure 1c , lower row). In turn, presence of ROS scavenger N-acetyl-cystein (NAC) was able to lower overproduction of ROS in siRNA FA-depleted cells, (Supplementary Figure 4) and decrease the number of cells with ROS-induced defragmented mitochondria (data not shown). Thus, our findings demonstrate that FA cells have impaired mitochondrial potential and disrupted mitochondrial chains, which is in parallel with the excess of intracellular ROS.
Abnormal mitochondrial morphology in FA cells is in parallel with decreased ATP production and oxygen uptake Several previous papers on the mitochondrial morphology in FA-A/D, 27, 28 FA-C 29 and FA-G fibroblasts 19 suggested some possible changes in the structure of FA mitochondria. Here, we show alterations in mitochondrial morphology, including ruptured or thinner mitochondrial membranes, abnormal shapes and possible events of mitophagy, (Figure 2a Figure 8B ). Thus, our data suggest that FA cells display ROS-dependent mitochondrial abnormalities with concomitant decrease of ATP production and oxygen uptake.
FA mitochondria reveal impaired detoxifying machinery Excess of ROS may damage the mitochondria 32 leading to an arrest of ATP synthesis, 33 carbonylation 34 and deactivation 35 of various mitochondrial membrane proteins and also a decrease of Dc m . 36 In order to understand the molecular mechanisms leading to mitochondrial dysfunction in FA, we isolated mitochondria from FA and corrected cells treated or untreated with H 2 O 2 ( Figure 3a, Supplementary Figure 9 ). We then performed protein profiling of the major mitochondrial enzymes (Figure 3b ). Interestingly, some enzymes responsible for energy metabolism, for example, SOD1, could respond to H 2 O 2 in FA-corrected but not in FA cells. As SOD1 removes superoxide radical (SOX), the lack of SOD1 may accumulate SOX in mitochondria. To test if SOX level is affected in FA cells, we measured SOX in FACS-sorted HEK293 cells co-transfected with either GFPpcDNA or corresponding FA-A,-C, and -D2 siRNAs ( Figure 2c, Supplementary Figure 6 ) and demonstrated statistically significant SOX increase in siRNA FA-depleted cells. Finally, we overexpressed SOD1 in FA cells and measured critical mitochondrial functions by Seahorse XF24. We showed that PD20 and K561R cells revealed decreased OCR and coupled respiration capacity comparatively to corrected counterparts. In turn, SOD1 overexpression could rescue OCR and coupled respiration capacity in FA cells (Figure 3d ). Our results indicate that some mitochondrial enzymes responsible for ROS protection were unable to respond to H 2 Alterations in FA mitochondrial functions U Kumari et al cross-linking agents enhance mitochondrial damage. 17 To assess this question, we performed cell survival assay by treating FA cells or corrected counterparts with increasing concentrations of crosslinking agent MMC. Pretreatment with NAC improved survival rate of MMC-treated FA cells (Figure 4a ). Hence, we reasoned that MMC toxicity in FA cells may be also due to an indirect ROSaccumulation through mitochondria. In order to uncouple mitochondria-mediated ROS increase, we performed FANCA, -C, -D2 siRNA knockdown of the control (Figure 4b ) and rho-zero cells depleted from functionally active mitochondria ( Figure 4c) followed by MMC treatment. Direct comparison of MMC sensitivities of HEK293 vs rho-zero HEK293 cells revealed only slight differences in cell growth (Supplementary Figure 10) . However, we observed that the FA-depleted cells lacking mitochondria became more tolerant to MMC. Importantly, this increase in survival rate was in parallel to the decrease of ROS accumulation in the replicas of the same MMC-treated FA-siRNAdepleted rho-zero cells, (data not shown) suggesting that sensitivity of FA cells to DNA cross-linking agents could be also due to mitochondria-mediated accumulation of ROS. 
DISCUSSION
The relevance of oxidative stress in FA, initially suggested by Nordenson 37 and by Joenje et al., [37] [38] [39] and then in other early studies 40, 41 led to a body of evidence pointing to oxidative stress as a major phenotypic hallmark in FA. 18 Mitochondrial dysfunction in FA-G cells reported by Mukhopadhyay et al. 19 was linked to mitochondrial peroxidase peroxyredoxin 3 (PRDX3). Overexpression of PRDX3 suppressed the sensitivity of FA-G cells to H 2 O 2 , and a decreased PRDX3 expression increased sensitivity to MMC.
In this study, an additional role of oxidative stress in FA was elucidated, and we may now propose a model of FA sensitivity to ROS. Under physiologically normal conditions, in which mitochondria are active in ATP synthesis (State 3), the transport of ADP, phosphate and protons across the inner membrane accelerates the rate of electron transport; hence, most of the oxygen consumed by the respiratory chain is completely reduced to water. However, in pathological conditions, as in the case of FA, ROS accumulation affects mitochondrial functions, namely ATP production, ROS detoxification, maintenance of Dc m and OCR. It is likely that many FA mitochondria are shifted to a semiresting state (State 4), where ATP production is defective and the rate of oxygen consumption is decreased. A high ROS level may lead to the failure of detoxifying enzymes to response to ROS leading to mitochondrial abnormalities (Figure 4d) . Indeed, ROS overproduction and/or failure in ROS detoxification can result in pathogenic mechanisms. 42, 43 In turn, the presence of ROS scavengers may rescue mitochondrial function, thus increasing ATP production and decreasing ROS-dependent mitochondrial fragmentation. Our results also indicate impaired response to H 2 O 2 of both F1F0ATPase (ATP synthase, Complex 5) and cytochrome C oxidase (COX, Complex 4) enzymes that are essential for the energy production (Figure 4b ). Under normal physiological conditions, F1F0-ATPase generates ATP from ADP using the proton gradient. In response to ROS, F1F0-ATPase expression is increased to produces more ATP. However, in pathological conditions, F1F0-ATPase either does not produce ATP or may hydrolyze ATP for the proton gradient recovery, leading to decrease of ATP production. The nicotinamide adenine dinucleotide (NADH):ubiquinone oxidoreductase (Complex 1) provides the input to the respiratory chain by generating of a proton gradient, which is then used for ATP synthesis. Increased expression of complex 1 in response to ROS is thought to help cell to produce ATP. However, in FA-deficient cells, we observed no response of Complex 1 expression to H 2 O 2 . The finding of low ATP production in FA-A, -C and D2 is likely to affect other FA subgroups, as it was shown that FANCJ uses the energy from ATP hydrolysis to unwind DNA or destabilizes repair protein bound to DNA, 44 and ATP is also required for ATP-dependent RNA helicase FANCM. 45 Involvement of interstrand crosslinks repair of the key FA protein, FANCD2, in the function of mitochondrial antioxidant machinery is controversial as K561R mutant behaves similarly to wtFANCD2 in the experiment for measurement of transmembrane potential or OCR, but acts as a null phenotype in experiments on ATP production or. This can be either due to the different replication history of FA cells or may suggest that FANCD-2-dependent interstrand crosslinks repair does not fully affect respiration chain and other yet unknown processes might be equally important. Oxidative stress from accumulated ROS has been associated with tumor formation. Several studies suggest that ROS overproduction by extra mitochondrial source may be tumorigenic, hence, therapies aimed at reducing ROS might offer effective means of combating malignancies. 46 The latter statement has some important clinical implications for FA cancer patients who require courses of chemotherapy or those undergoing conditioning before bone marrow transplantation. Combinatorial treatment with chemotherapeutic drugs and proper ROS scavenging agents may decrease the toxic effects of DNA crosslinkers benefit for better clinical outcome. Therefore, further experiments aiming to elucidate ROS-mediated mechanism of DNA crosslinkers in FA mitochondria would be highly desired.
MATERIALS AND METHODS

Antibodies and chemicals
The following antibodies from Abcam (Cambridge, MA, USA) were used: rabbit anti-FANCD2 (no.ab2187), anti-actin (Abcam, no.ab1801), mitochondrial complex proteins (Mitosciences, Cambridge, MA, USA), mouse anti-FANCD2 (Sigma Aldrich, Woodlands, TX, USA), rabbit antiserum FANCA, FANCC (FARF consortium, Corvallis, OR, USA, www.ohsu.edu/fa), mouse anti-VDAC, anti-COX, anti-catalase, anti GSTP, anti PDK1 and anti phosphor-PDK1 (all GenScript, Piscataway, NJ, USA). MMC, NAC were obtained from Sigma Chem. Co. (St Louis, MO, USA) and mito-tracker from Invitrogen (Carlsbad, CA, USA). All chemicals were of the highest purity with minimum Ca2 þ and Zn2 þ . Bidistilled water treated with catalase was used for mitochondrial experiments.
Cell cultures and preparation of cell extracts and Wester blotting HEK293, MDA MB 231, MCF7, HeLa cells were grown in Dulbecco's modified Eagle's media (DMEM) (GIBCO-BRL) supplemented with 10% fetal calf serum (GIBCO BRL). FA-A (EUFA274), FA-A corrected (EUFAR), FA-C (EUFA450 or FA-C corrected (EUFAR) cells, SV40 immortalized FANCD2 À / À cell line GM16633 (PD20), the microcell hybrid corrected counterpart GM16634 (PD20cor), FANCD2 À / À cells corrected with a non-ubiquitinable FANCD2 (K561R) were a generous gift from Dr Surralless. Cell extracts were prepared by lysing 70% confluent cells from 100 mm with 500 ml of cold lysis buffer (1% NP-40 in phosphate-buffered saline (PBS) in the presence of 1 mM Na3VO4, 1 mM NaF, protease inhibitor cocktail). Cell lysates were centrifuged for 30 min at 20 000 Â g at 41C and the supernatants were collected as a soluble protein fractions. Total protein concentration was measured with the Bio-Rad Protein Assay (Biorad). A total of 40 mg proteins were separated on a gradient 4-20% precast SDS-polyacryalmide gel electrophoresis gel (Bio-Rad), blotted onto nitrocellulose membranes (Bio-Rad), incubated overnight with the appropriate primary antibody and detected with corresponding horseradish peroxidase-conjugated secondary antibodies.
siRNA depletion experiments siRNA depletion experiments were performed as described earlier. 47 For each of the FA genes, a library of FA siRNAs has been screened, and siRNA(h) showing more than 70% kD effect was selected for further experiments. The following sets of RNAs have been used from Santa Cruz (Santa Cruz, CA, USA): FANCA siRNA (h): sc-40567; FANCC siRNA (h): sc-35354; FANCD2 siRNA (h): sc-35356; scrambled siRNA: 5 0 -CGUACGCGGAAUACUUCGA-3 0 . Cells were transfected twice with the 25 nM siRNAs (final) using Lipofectamine2000 (Invitrogen). Fluorescent microscopy to study mitochondrial morphology.
A total of 20 000 cells plated on the round coverslips inserted into the 24-well microplate were incubated at 37 1C to allow attachment. The next day medium was removed and replaced to a prewarmed (37 1C) medium containing 1:5000 (v/v) MitoTracker-Red (Molecular Probes, M-7512, Eugene, OR, USA). After incubation for 30 min, slips were washed twice with media and with PBS, fixed with 4% paraformaldehyde for 10 min, washed with PBS and water and then dried.
Transmission EM Samples were fixed in 2.5% glutaraldehyde in PBS at 4 1C for 1 h and then treated with 1% osmium tetroxide, pH 7.4 for 1 h followed by dehydration through an ascending series of ethanol at room temperature, treated with acetone and resin followed by final embedment in resin to polymerize at 60 1C for 24 h. Samples were cut by an ultramicrotome (Leica Biosystems Newcastle Ltd., Newcastle, UK), mounted on formvar-coated copper grids and doubly stained with uranyl acetate and lead citrate. The grids were viewed in Philips 208 transmission electron microscope (Philips, Amsterdam, The Netherlands). Before EM some cells were co-transfected with siRNA and GFPpcDNA3.1, and processed for FACS sorting.
Isolation and purification of mitochondria
Mitochondrial fractionation has been performed essentially as described earlier. 48 Shortly, cells from 10 cm dish were lysed, centrifuged at 600 g at 4 1C for 10 min. Supernatants were replaced to another tube and cell pellets were resuspended in 500 ml of ice-cold IBc buffer (225-mM mannitol, 75-mM sucrose and 30 mM Tris-HCl pH 7.4). Cells were homogenized using a Teflon pestle. Every 25-30 strokes, cell integrity was controlled under the light microscope until 80-90% of the cells were damaged. Cell homogenates were centrifuged at 600 g for 5 min at 4 1C. The pellets were stored as debris, and supernatants were centrifuged again at 600 g for 5 min at 4 1C and then at 7000 g for 10 min at 4 1C. The supernatants were stored as a cytosolic fraction (contains lysosomes and microsomes) and the remaining pellets were resuspended in 1 ml of ice-cold IBc buffer, centrifuged at 7000 g for 10 min at 4 1C and supernatants were combined with the previous fractions. The mitochondrial pellets were resuspended as before in 1 ml of ice-cold IBc buffer and centrifuged at 10 000 g for 10 min at 4 1C. The supernatants were combined with the previous fractions and the crude mitochondrial pellets were resuspended in 300 ml of ice-cold MRB buffer (250-mM mannitol, 5-mM HEPES pH 7.4, 0.5-mM EGTA). Protease inhibitor was added and mitochondria suspension was immediately aliquoted and stored frozen at À 80 1C.
Survival assay
A total of 30 000 cells were seeded in triplicate for 24-well format plate and the following day cells underwent appropriate treatment (siRNA transfection, MMC or H 2 O 2 exposure). Cells were exposed to MMC (0-1000 ng.ml) or H 2 O 2 (30 mM) for 60 min, respectively, in serum free Roswell park memorial institute medium (RPMI) medium at 37 1C. Subsequently, the medium was removed, the cells washed with PBS and new complete medium was added. Seventy-two hours after treatment, the medium was discarded; cells were washed with PBS, trypsinized and counted (Septer, Millipore, Billerica, MA, USA). Results are expressed in fold decrease in respect to the untreated controls. Each point represents mean values ± s.e., each conducted with triplicate plates. The P-values were obtained from two separate experiments using one way analysis of variance (ANOVA) method (SigmaStat for Windows, version 2.03, Systat Software, San Jose, CA, USA).
Measurement of Dc m
Measurement and quantification of Dc m have been performed essentially as described in Ali et al. 49 Briefly, 25 000 adherent cells per well in quadruplicates were plated onto 96-well dish and assessed relative changes in mitochondrial membrane potential during the development. A total of 1 mm of the mitochondrial potential sensor 5,5,6,6 -tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1, Molecular Probes) was added to each well immediately before measurement. After 30 min of incubation, wells were rinsed twice with prewarmed cell media and with PBS, and 100 ml of PBS was added to each well. Red (JC-1 aggregate) and green (JC-1 monomers) fluorescence intensities were measured simultaneously using a Tecan Infinite F500 (Tecan Systems, San Jose, CA, USA) by detection at 535/590-nm and 485/535-nm excitation/ emission lengths, respectively, followed by adjustment to the blank controls. This method was proved to be compatible with JC-1 FACS measurements described earlier. 50 Fluorimetric measurements of intracellular and mitochondrial ROS Measurements of intracellular ROS were based on the ability of cells to oxidize fluorogenic dye 2',7'-dichlorofluorescein (H2DCF-DA) to their corresponding fluorescent analogs that allowed ROS determination in living cells. 51 Cells were allowed to grow for two days and then the media was substituted with the one containing 50 mM H2DCF-DA (Molecular Probes) and cells were incubated in the dark for 15 min. Dye-loaded cells were washed in PBS and resuspended and bromophenol-free media was added as 100 ml per well. Intracellular oxidation of H2DCF-DA yielded DCF that was detected by Alterations in FA mitochondrial functions U Kumari et al fluorescence. Mitochondrial ROS was detected by measuring mitochondrial superoxide with MitoSOX red reagent according to the manufacturer's protocol (Invitrogen) Briefly, cells were harvested and 0.5 Â 10 6 cells/ml were resuspended in PBS supplemented with 5 mM MitoSOX reagent and incubated for 2 h at 37 1C. Fluorescence readings were taken at 530-620 nm.
Nitric Oxide Synthase measurement
Nitric oxide synthase level was detected with Griess reagent according to Amano et al. 52 Cells were plated in the amount of 30 000 cells per well in 24-well format. A standard solution of a known concentration of NaNO2 (0-200 mM) was also placed in the wells of the same microplate. Griess reagent was dissolved at 6 mg/ml, and 100 ml/well was added to both the standards and the samples on the microplate, mixed for 10 s. The reaction products were colorimetrically quantitated at 550 nm with background subtraction at 630 nm, using a multiscan spectrophotometer (Tecan Infinite F500, Tecan Systems).
Measurement of ATP production ATP production was measured using Promega kit as described in the manufacturer's manual. 40 000 cells in 100 ml media were seeded in a 96-well plate. The next day 50 ml of CellTiter-Glo Reagent (Promega, Madison, WI, USA) was added. Content was mixed for 2 min on an orbital shaker to induce cell lyses followed by incubation for 10 min at room temperature to stabilize luminescent. The ATP-content was then measured with luminometer (Infinite F500). Samples were prepared in quadruplicates and experiments were repeated 2-3 times followed by statistical analyses using Student's t-test.
Analyses of OCR
3 mln cells cultured in antibiotic free media were dissolved in the 200 ml Ca-independent media (Invitrogen) and cell suspension was filled into chamber of Micro Oxygen Monitoring System and sealed. The medium was stirred with a stirrer bar, and the OCR was monitored using a recorder connected to the computer. For Seahorse experiments cells were plated in XF24 plates (SeaHorse Biosciences, North Billerica, MA, USA) at 40 000 cells/ well and the next day cellular O 2 consumption was determined in a SeaHorse extracellular flux analyzer according to manufacturer's instructions. Cells were maintained at 37 1C in normal growth medium without serum. In some wells 2 mM of the oligomycin was added.
Creating HEK293 rho-zero cells Preparation of stable HEK293 cell line deficient in mtDNA was done as described in Miller et al. 53 with some modifications. Briefly, HEK293 were treated with increased concentrations of ethidium bromide (0, 01, 1, 10 mg/ml) for 4,5 weeks in the absence or presence of sodium pyruvate containing DMEM media (1 mg/ml final). Several colonies of cells that survived in pyruvate-rich media were selected for testing respiration properties. Impaired mitochondrial function was assayed by measuring oxygen consumption rate of the control and rho-zero cells in response to electron transport chain inhibitors of complex 1 (1.5 mM rotenone), complex
